of sympathetic excitation is believed to represent an important effect of the nervous system upon cardiac function. Greater asynchronism has been reported when the excitation potential arises outside normal pacemaker tissue. 10 The observation that stimulation of the cardiac sympathetics induced improved ventricular synchrony suggested a similar examination of its influence on the intervals between contraction of each of the four cardiac chambers. In the present experiments, fourchamber recordings from the dog heart permit measurement of the onset of pressure rise in each chamber and its relation to a common event in the ECG (P wave). The normal contraction sequence and the influence of the sympathetic nervous system on synchrony of contraction of all four heart chambers are reported.
stimulator delivering square-wave pulses at 5 msec, 10/sec, 5 v. Stimulation voltage was continuously monitored by an oscilloscope connected across the stimulating electrodes. Records were made at paper speeds of 2.5, 25.0, and 250.0 mm/sec, the latter being used for the precise measurement of time intervals.
Positive-pressure ventilation was maintained by means of a Harvard respirator. The ECG was recorded continuously, except for the period during stimulation, and the initial upward deflection of the P wave served as a common reference point for the timing of the pressure changes. Both right and left stellate ganglia were stimulated repeatedly before and after bilateral vagotomy, with and without atrial pacing, and before and after decentralization of the stellate ganglia.
Pressure pulses were recorded at 250 mm/sec from the right atrium (RA), right ventricle (RV), left atrium (LA), left ventricle (LV), and mammary artery (BP), along with a standard limb lead ECG. The intervals from the beginning of the P wave to the initial systolic pressure elevations in each of the heart chambers are designated as P-RA, P-RV, P-LA, and P-LV, respectively. P-LA minus P-RA and P-RV minus P-LV are indicated as RA-LA and LV-RV, respectively, and describe the degree of asynchrony between atrial and ventricular pressure elevations, respectively. The duration of the P wave, the PR interval and the QRS durations were measured before and immediately after stellate ganglion stimulation. Changes in the P-RV and P-LV intervals as a result of sympathetic stimulation include changes in atrial and A-V nodal conduction. In order to separate these phenomena, changes in the PR interval were subtracted from changes in both P-RV and P-LV and appear beneath figure 1 as (AP-RV) -(APR) and (AP-LV) -(APR), respectively. The resulting value describes alterations in ventricular excitation and contraction as a result of sympathetic nerve stimulation. All time intervals are given in msec. The maximum dP/dt in each ventricle during systole and diastole are given as RV-S and RV-D, respectively, and LV-S and LV-D, respectively. The slopes are expressed in units of mm Hg/msec. Heart rate (HR) is given in beats/min. Figure 1 illustrates typical chamber asynchrony and the changes observed immediately following right stellate ganglion stimulation in a vagotomized animal. The data at the bottom of the figure show the parameters measured during the control period (CONT) and within five cycles after cessation of right stellate ganglion stimulation (RSS). During the control period, an expected asynchrony was present between the atria, RA contracting 29 msec before the initial pressure elevation in LA. The ventricles also showed a typical asynchrony, with LV systole occurring 22 msec before RV. Immediately following right stellate ganglion stimulation, the RA-LA interval decreased to 18 msec and the LV-RV interval to 0 msec, indicating synchronization of both atria and ventricles. Atrial synchronization was marked by a lengthening of the P-RA interval while P-LA remained almost constant. This was infrequent since, in the usual case, both the P-RA and P-LA intervals shortened during stimulation and, depending on the relative degree of shortening, the RA-LA interval either increased or, more commonly, decreased. Ventricular synchronization, on the other hand, illustrates an almost invariable change. The decrease in the LV-RV interval was marked by a greater decrease in P-RV than P-LV. When the concomitant change in PR interval is subtracted from the changes in P-RV and P-LV, it is clear that the decrease in LV-RV was associated with more rapid activation of RV. Subtraction of the PR interval from P-RV and P-LV indicates a significantly shorter period required for initiation of pressure rise in LV as compared with RV during the control pulses. Although LV retains precedence during and immediately following sympathetic stimulation, it is clear that excitation via the right bundle branch and its distribution into the right ventricle was accelerated significantly more than that of the left bundle and its peripheral system. This is illustrated by the comparative changes designated (AP-RV) -(APR) and(AP-LV)-(APR). Both ventricles showed great increases in rate of pressure Circulation Ruttrcb. Vol. XV, Dtamhtr 1964 change (dP/dt) during systole and diastole as a result of stimulation. The small increase in the duration of the P wave of the ECG is consistent with the increase in the total activation time of RA (P-RA) and the lack of significant change in P-LA. The PR and QRS interval decreased 21 and 26 msec, respectively, and heart rate increased 21 beats/min.
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It was desirable to dissociate, if possible, the changes observed in figure 1 from those • associated specifically with alterations in heart rate. This was achieved in two ways: 1) stimulation of the left stellate ganglion with little or no change in heart rate, and 2) stellate stimulation while heart rate was controlled by pacing electrodes. An experiment illustrating the former condition is shown in figure 2 and the data are summarized beneath the figure. Again, the sequence of contraction was RA to LA to LV to RV and heart rate was 183 beats/min. Prompt augmentation in ventricular contraction with little change in atrial pulses followed stimulation. Figure 2B illustrates the effects of sympathetic excitation in traces recorded at 250 mm/sec and taken within four cycles following cessation of stimulation. Heart rate remained constant at 183 beats/ min and all measured time intervals were reduced with a decreased LV-RV but an increased RA-LA. Consequently, atrioventricular synchrony was enhanced without change in total cycle length. All of the ECG intervals decreased from control values, indicating more rapid spread of the excitation potential and the decrease in LV-RV indicates more synchronous ventricular contraction. Subtraction of the shortened PR interval from the change in P-RV [ (AP-RV)-(APR)] indicated a 46 msec acceleration in activation of the right ventricle as compared with 28 msec in the left ventricle. Again, this indicates a primary role of the more rapid activation of RV in altered ventricular synchrony.
Remarkable changes occurred in the slopes of the rise and fall of pressure in both ventricles, the increases ranging from 200 to 300$ of the control values. During the control period ( fig. 2A ), a small c-vvave can be detected in the LA pressure trace and can be temporally related to the early period of ventricular contraction. If this wave is generated by the bulging of the mitral valve leaflets during isovolumic contraction, one might expect accentuation of the c-wave as the vigor of ventricular systole increases during stimulation. This, in fact, occurred in the LA trace although it did not appear in RA nor is it common during stellate stimulation. Immediately after the stimulation was discontinued, the T wave of the ECG which was about 0.1 mv downward during the control period, revealed an increased amplitude of 0.6 mv. This was also a common accompaniment of stellate stimulation in which there was a significant augmentation of ventricular pressures.
To illustrate further that cardiac synchronization occtirs in the absence of cardiac acceleration, sympathetic stimulation was per-formed while heart rate was controlled by bipolar electrode s applied to the dorsolateral wall of the right atrium ( fig. 3 ). The bottom channel is a direct recording of the pacing stimulus which served as a reference point common to events in all four chambers. Excitation intervals were measured from the initial upstroke of the pace artifact (p) to the onset of pressure elevation in the chambers. During the control period ( fig. 3A) , the RA-LA and LV-RV intervals measured 24 and 40 msec, respectively, the latter being somewhat longer than usual. The heart was paced at 210 beats/min. The traces shown in figure  3B were recorded during stimulation of the left stellate ganglion. All chambers showed an increased slope of pressure change and, except LA, increased maximum pressures. The pressure changes were considerably less than those generally associated with stellate stimulation in the normally sinus-paced heart. Both atrial excitation intervals were decreased as a result of stimulation, but p-RA decreased much more than did p-LA causing the RA-LA interval to increase; p-RV decreased much more than did p-LV which produced the characteristic decrease in the LV-RV interval. This record illustrates again that cardiac synchronization, augmentation of intracardiac pressures and increases in systolic and diastolic slopes of pressure change occur in the absence of cardiac acceleration. Sympathetic excitation frequently produced abnormalities of the ECG. These were more commonly observed during left stellate stimulation than during right, and consisted of: 1) displacement of atrial pacemaker to an atrial site other than the S-A node, 2) disappearance of the P wave altogether with the pacemaker shift to the A-V node or upper part of the common bundle, or 3) a pace-CircuUtion Rcitarcb, Vol. XV, Dtcimbn 1964 maker shift to some area of the ventricles. The aberrant electrocardiographic patterns were accompanied by corresponding abnormalities in the intracardiac pressure recordings ( fig. 4 ). Panel A represents the control period and the earliest period after the onset of left stellate stimulation (signal marker); panel B shows a record taken within a few beats following the cessation of electrical excitation; panel C was recorded during the first minute after the stimulating current was turned off. In the control record ( fig. 4A ), all chambers contracted in normal sequence and right atrial systole preceded left by 16 msec (RA-LA). The P-RV and P-LV intervals were, respectively, 166 and 130 msec producing an LV-RV interval of 36 msec. Promptly upon onset of stimulation, atrial irregularities appeared although ventricular rhythm remained regular. Augmentation in Pressures recorded before (A), two seconds after cessation of left stellate ganglion stimulation (B), and during the first minute of recovery following stimulation (C).
pressure occurred in all cardiac chambers, but was particularly pronounced in the ventricles. Heart rate was unchanged from the control rate of 166/min. Figure 4B , recorded immediately following cessation of stimulation, shows that the P wave of the ECG has been inverted, indicating a shift of the pacemaker from the S-A node. Examination of the excitation intervals supported this supposition. The P-RA and P-LA intervals measured 58 and 52 msec, respectively, with an RA-LA interval of -6 msec. In fact, RA systole was delayed by an interval sufficient to require that the latter portion of the a-wave occurred against closed A-V valves, producing a distorted a-wave. LA systole, on the other hand, was complete before LV pressure began to rise. The P-RV and P-LV intervals were 108 and 102 msec, respectively. Although the atrial pacemaker was shifted, distribution of the excitation wave over the ventricles was accelerated, right more than left, and ventricular synchrony improved. In figure 4C , the 25 mm/sec record shows pro-gressive change of the P wave from inverted to upright configuration. As this occurred, the a-wave of RA again preceded LA contraction and a small atrial filling wave appeared in the RV pulse. Measurement of the excitation intervals from the final segment of figure 4C reveals corresponding changes in contraction sequence. The P-RA and P-LA measured 36 and 68 msec, respectively, with an RA-LA interval of 32 msec. The LV-RV interval remained relatively unaltered at 8 msec with the P-RV and P-LV measuring 140 and 132 msec, respectively.
Discussion
The decrease in the duration of various components of the ECG consistently observed in these experiments as a result of stellate stimulation confirms previous reports 12 Conduction times between the atrium and His bundle, between the His bundle and the Purkinje-papillary muscle junction, and across the ventricular muscle were measured during control periods and during stellate stimulation. Wallace found that conduction velocity across the atrium and A-V node (atrium to His bundle) increased by an average of 48$, through ventricular muscle by 12$, and through the Purkinje system by 1% as a result of stellate stimulation. He concluded that the observed decrease of total ventricular activation time could be accounted for primarily by increased conduction in ventricular muscle. If conduction velocity across the atrial and ventricular muscle increases as a result of sympathetic activation, one would expect a decrease in the total time required for the complete activation of the cardiac chambers. This is reflected in the atria by the decreased P wave duration (average 8 to 11 msec) during right and left stellate stimulation (table 1). The decreased duration of the QRS complex as a result of stellate stimulation (20 msec, LSS; 28 msec, RSS) indicates a significant increase in the rate of conduction in the ventricles. In addition to these increases in impulse conduction through cardiac muscle, nodal delay decreases during stellate stimulation as indicated by the diminished PR intervals of 18 msec (LSS) and 16 msec (RSS). The cumulative data (table 1) indicate that these changes may be independent of alterations in heart rate. An important result of this general increase in rate of conduction is a decrease in the total duration of systole as compared with diastole when cycle time remains constant (figs. 2 to 4). The lengthening of the diastolic period provides time for added filling to support increased ejection.
Concomitant with the general increase in conduction velocity, the P-RV and P-LV intervals decrease. Subtraction of the PR interval demonstrated that considerable acceleration also occurred in ventricular conduction. If increased conduction in right and left ventricles were equal, the LV-RV interval would CircmlaJio* Rtitmcb, Vol. XV, Dtcembtr 1964 remain constant. However, the LV-RV interval invariably shortened during stellate ganglion stimulation, the decrease resulting from a greater change in P-RV. It appears probable, therefore, that conduction over the right bundle branch and its distributions was accelerated relatively more than that over the left. It has been shown 14 that the right heart contains more catecholamine than does the left. If this concentration of catecholamine is related to the density of postganglionic sympathetic nerve endings, perhaps one should expect RV to be more profoundly influenced by sympathetic nerve stimulation. It is also significant that the muscular mass of RV is less than that of LV and it is, therefore, conceivable that the RV nerve fiber/muscle fiber ratio is greater. Finally, it is possible that the relative distribution of nerve terminals is greater in relation to the right bundle branch and its extensions than to the left bundle. Unfortunately, there is no satisfactory description of the precise distribution either of axon endings or of catecholamines which will elucidate these hypotheses.
Individual responses of the cardiac chambers (table 1) reveal the unpredictability of the effect of sympathetic stimulation on the RA-LA interval. However, some consistencies can be seen in the cumulative data. In most experiments in which the ECG retained a normal pattern and reflex vagal effects were eliminated by bilateral cervical vagotomy, stimulation of either stellate ganglion caused a decrease of the P-RA interval. Paes de Carvalho et al. ir> and James in studied the right atrium of the rabbit and the human heart, respectively, and both suggested the existence of specialized conduction pathways within the atria. These consist, in the human heart, of anatomically consistent patterns of muscle which, by reason of contained Purkinje-like tissue, form distinct pathways from the S-A to the A-V node and across the interatrial septum. No such network was demonstrated in the left atrium. If a similar system exists in the right atrium of the dog heart, it is conceivable that sympathetic stimulation may produce a more 133  186  134  163  158  220  156  188  197  265  205  246  200  200  178  183  195  193  156  190  204   Commentsf   I  I  I  I  I  I  2  2   ]   1  1  1  3  3  1  1  4  4  5 consistent and more profound change in conduction through this chamber, exciting predetermined or preferential transmission pathways. If no such system exists in the left atrium, the changes in conduction velocity during stellate stimulation may be determined exclusively by the quantity and pattern of postganglionic sympathetic distribution.
Right stellate stimulation elicited arrhythmias infrequently, but arrhythmias were observed frequently during stimulation of the left. If the right sympathetic^ furnish the predominant innervation to the right atrium, 17 their stimulation may affect primarily the S-A node and preferential conduction pathways over the atrium. During left stellate stimulation, a non-nodal area which receives an abundant supply of sympathetic fibers may become hyperexcitable and take on the function of a pacemaker (fig. 4) , and the left atrium may enter systole simultaneously with or even prior to the right atrium.
Wiggers 18 described the contraction of a ventricle as a temporal summation in shortening of many individual muscle bundles sequentially activated by the spreading electrical impulse. During the initial recruitment of fiber bundles, pressure rises slowly (entrant phase) and as more muscle groups contract, pressure rises more rapidly. The rate of rise then decreases as the segments which contracted earliest enter into relaxation while others are still contracting. As more muscle groups simultaneously relax, the decrease in pressure approaches a maximum rate and then declines more slowly. With increased conduction velocity during sympathetic stimulation, more synchronous contraction of individual muscle bundles increases both the rate of pressure development and the maximum pressure attained during systole. The muscle segments then relax more synchronously and the rate of fall in ventricular pressure is increased. Duration of ventricular contraction is decreased in relation to total cycle time. Thus, many of the characteristic effects of stellate ganglion stimulation may be attributed to changes in synchrony of contraction.
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If each individual muscle segment also contracts more rapidly and forcefully, and if more individual contractile units are recruited during stimulation, these effects are further accentuated.
Experiment number 8 (table 1) demonstrates results in an animal before and after decentralization of the stellate ganglion, i.e., the sympathetic trunk was transected caudal to the point of stimulation and all communicating rami entering the ganglion were cut. The resulting preparation showed cardiac responses quite comparable to those elicited prior to decentralization.
Summary
While pressures were recorded separately from the four chambers of the heart in openchest dog preparations, together with a standard limb lead of the ECC, the right and left stellate ganglia were stimulated. Measurements from the beginning of the P wave to the initial rise in chamber pressures revealed that pressure in the left ventricle began to rise approximately 20 msec prior to that in the right ventricle. This interval was significantly shortened during electrical stimulation of the stellate ganglion. Although the interval between P wave and the initial pressure elevations in the right atrium (RA) and the left atrium (LA) both shortened during stellate stimulation, P-RA decreased considerably more than P-LA. The P wave, PR interval, and the QRS complex all shortened markedly, indicating increased conduction velocity over the atria, the nodal conducting tissue, and the ventricles during stellate stimulation. These events occurred with or without alterations in heart rate and were correlated with large increases in the rate of change of ventricular pressures. Simple algebraic summation of individual muscle segment contractions may achieve significantly greater intraventricular pressure as the contractions become more synchronous. The total pressure developed is further augmented when each individual unit contracts with greater force and greater velocity. The recruitment of additional functional units would result in further 47i PfclOLA, RANDALL summation and thus in still greater augmentation in total force and pressure. Alterations in pacemaker site are common during stellate stimulation.
